Introduction The potential of diffusion tensor imaging (DTI) to detect spinal cord abnormalities in patients with multiple sclerosis has already been demonstrated. The objective of this study was to apply DTI techniques to multiple sclerosis patients with a recently diagnosed spinal cord lesion, in order to demonstrate a correlation between variations of DTI parameters and clinical outcome, and to try to identify DTI parameters predictive of outcome. Methods A prospective single-centre study of patients with spinal cord relapse treated by intravenous steroid therapy was made. Patients were assessed clinically and by conventional MRI with DTI sequences at baseline and at 3 months.
Introduction
The spinal cord is a clinically eloquent site that is frequently involved in multiple sclerosis. A post-mortem study showed cord lesions in 86 % of patients with multiple sclerosis [1] , and MRI cord abnormalities are detected in 47 to 90 % of patients with established disease [2] [3] [4] [5] [6] [7] . In the spinal cord, important neurological functions are conveyed within a narrow canal space. This explains why spinal cord inflammatory lesions can cause highly disabling symptoms. Although a majority of patients achieve clinical recovery after a spinal cord relapse, recovery is sometimes partial, leading to accumulation of disability. It is a great challenge to understand the neurobiological mechanisms underlying this incomplete clinical recovery. This could allow the development of effective treatments that reduce the impact of acute spinal cord injury.
Diffusion tensor imaging (DTI) is able to measure the random diffusional motion of water molecules and provides quantitative indices of the structural and orientational features of tissues [8] . These indices include mean apparent diffusion coefficient (ADC), fractional anisotropy (FA), radial diffusivity (RD) and axial diffusivity (AD) which summarise the orientational dependence of diffusivity. The potential of DTI to detect spinal cord abnormalities in patients with multiple sclerosis has already been demonstrated [9] [10] [11] [12] . These studies, although using different sequences and methodologies, have reported an association between the average cord FA and disability [10, 12] , and RD, which reflects myelin integrity, has been identified as a predictive factor of outcome in a small cohort of multiple sclerosis patients with cervical cord relapse [13] . In this study, we applied current DTI MRI techniques, either in the cervical or thoracic cord, to multiple sclerosis patients with a recently diagnosed spinal cord lesion requiring steroid therapy, in order to address the following questions: (1) do variations of DTI parameters in cervical and thoracic myelitis correlate with clinical outcome? and (2) can baseline DTI parameters in spinal cord lesion and in normalappearing spinal cord predict outcome after treatment?
Methods

Subjects
From January 2009 to March 2011, patients attending the neurology department who met the following inclusion criteria were prospectively included: (1) clinical symptoms considered to be related to a spinal cord lesion (sensory with a level and/or motor, and/or sphincter disturbance), (2) presence of at least one spinal cord lesion documented by conventional imaging whose location was compatible with clinical symptoms, (3) a diagnosis of multiple sclerosis [14] or clinically isolated syndrome (CIS), (4) no previous antiinflammatory treatment for the myelitis, (5) no previous investigations for the present spinal cord symptoms and (6) indication for intravenous high-dose steroid therapy because of uncomfortable symptoms. On the day of scanning (DTI MRI), all patients were assessed clinically and were scored on the Expanded Disability Status Scale (EDSS) (from 0 to 10) [15] and the American Spinal Injury Association (ASIA) motor (normal 0100) and sensory scores (normal0224) [16] . Three months after enrolment in the study, DTI MRI was repeated and patients were again scored according to the EDSS and ASIA scales.
Clinical improvement was defined as a reduction in the EDSS score between 3 months and baseline≥−0.5 or an increase in the ASIA sensory score≥+10 points or an increase in the ASIA motor score≥+3 points. Absence of recovery was defined as lack of change or an increase in the EDSS score between 3 months and baseline≥+0.5 or a reduction in the ASIA sensory score≥−10 points or a reduction in the ASIA motor score≥−3 points. When a patient's clinical scores were discordant, clinical outcome was assessed primarily on the basis of the EDSS score, followed by the ASIA motor score and finally the ASIA sensory score. All subjects gave their written informed consent to participate in the study, which was approved by the local ethics committee.
Magnetic resonance imaging and diffusion tensor imaging MRI was performed on a 1.5-T MR Sonata imaging system (Siemens, Erlangen, Germany) with actively shielded magnetic field gradients (G maximum, 40 mT/m). The protocol included a T2-weighted coronal scout view followed by a sagittal T2-weighted fast spin echo sequence (field of view, 39.9×39.9 cm; image matrix, 512×512; slice thickness, 4 mm; and repetition time/echo time, 4,800/114 ms) and a sagittal T1-weighted spin echo sequence before and post contrast targeted on spinal cord lesions. A sagittal spin echo single-shot echo-planar parallel Grappa DTI sequence with acceleration factor 2 and 25 non-collinear non-coplanar gradient directions was then applied with 2b values (b00 and 900 s/mm 2 ; field of view, 17.9×17.9 cm; image matrix, 128×128; 12 sections with slices thickness03 mm; nominal voxel size, 1.4 × 1.4 × 3 mm; repetition time/echo time, 2,100/97 ms). At baseline, the conventional scans were acquired in both cervical and thoracic cord. Then, the DT MRI scans were acquired according to the location of the symptomatic lesion(s). At 3 months, the sequences were acquired according to the lesion location at baseline. Subjects were instructed to avoid moving the head or limbs and to avoid swallowing during the examination. All the patients had, either at baseline or at 3 months, a brain MRI scan including a T2-weighted sagittal and axial scout view followed by an axial and a sagittal T2-weighted fast spin echo sequence, an axial FLAIR and an axial T1-weighted spin echo sequence before and post contrast.
Image analysis
An expert neuroradiologist (GS) reviewed all scans to identify spinal cord lesions. Images were analysed voxel-byvoxel with dedicated software [DPTools (http://www.fmri dools.org)], as previously described [17] . Before performing the tensor estimation, both unwarping and motion correction algorithms were applied to the DTI data set in order to correct distortions related to eddy currents induced by the large diffusion-sensitising gradients and motion artefacts [18] . Measurements ADC, FA, RD and AD were measured at the exact site of inflammatory lesions seen on b 0 images (and correlated with T2 images) and in adjacent normal-appearing spinal cord by using region of interests (ROIs) (average area 20 mm², 10 voxels) and were then plotted on FA maps (Fig. 1 ). ROIs were placed at the same position at baseline and at follow-up (by counting the vertebra levels). We previously reported normal spinal cord mean ADC and FA values (normal mean ADC in cervical cord, 107×10 −5 and thoracic cord, 98.8× 10 −5 ; normal FA value in cervical cord, 0.73 and thoracic cord, 0.74) [11] . There was no scanner upgrades in our department since this previous study. Special attention was paid to avoid partial CSF volume effects (ROI were positioned exactly in the middle of sagittal spinal cord image), magnetic susceptibility effects and motion artefacts in ROI selection. Gadolinium-enhanced lesions, when present, or the unique lesion noted in the cord or all non-enhanced lesions whose location was compatible with the clinical signs were analysed for patients assessed for the first time for spinal cord symptoms due to myelitis suggestive of multiple sclerosis (in the absence of previous spinal cord clinical symptoms in their medical past history, no patient of this study had had a previous spinal cord MRI). Active lesions were defined according to the following criteria: (1) gadolinium-enhanced lesions whatever the type of multiple sclerosis (MS) or (2) in the absence of gadolinium-enhanced lesion: (a) in relapsing remitting multiple sclerosis (RRMS), all the lesions whose location was compatible with the spinal cord relapse symptoms; (b) in primary progressive multiple sclerosis (PPMS), the lesions whose location was compatible with spinal cord clinical symptoms that lasted for less than 1 month. In PPMS patients, when symptoms began earlier than 1 month before the baseline MRI, the lesions were considered chronic.
Statistical analysis
Baseline and follow-up clinical scores, as well as baseline and follow-up MRI measurements were compared using Wilcoxon matched-pairs signed ranks tests. Baseline MRI measurements between patients in whom clinical scores were improved and patients in whom clinical scores were not improved were compared by Kruskal-Wallis tests. We could not perform any valid regression analysis because of the small size of our population.
Results
Patient characteristics
Sixteen patients (mean age 42.8 years (SD 13.8), 10 women and 6 men, 7 RRMS, 2 CIS and 7 PPMS (14), with a mean disease duration of 5 years (SD 5.5) were recruited. Twenty-six spinal cord MRI lesions were studied. There were 17 active lesions (in 7 RRMS, 2 CIS and 2 PPMS patients) and 9 chronic lesions (in 5 PPMS patients). The median baseline EDSS score was 3 (range 1.5-5.5), the mean ASIA motor score was 97.5 (SD 2.6) and the mean ASIA sensory score was 184.5 (SD 34.4). No patients were receiving disease-modifying drugs except for one patient with RRMS who was under interferon β-1b. All patients received intravenous steroid therapy (methylprednisolone 1 g daily for 3 days) after the first MRI. More details on patient characteristics, including spinal cord and brain MRI findings, are summarised in Table 1 . All patients attended a 3-month follow-up visit. Twelve patients (7 RRMS, 2 CIS and 3 PPMS) were clinically improved. The median EDSS score at followup was 2.5 (range 0-6). The variation of EDSS score between baseline and follow-up was statistically significant (p00.04). The EDSS score was improved in ten patients (two PPMS, six RRMS and two CIS), including seven patients with an improvement of at least 1 point (five RRMS, one CIS and one PPMS). The EDSS score decreased by half a point in two PPMS patients. At follow-up, the mean ASIA motor score was 97.6 (SD 4.3) and the mean ASIA sensory score was 205.5 (SD 23.2). The change in the ASIA sensory score between baseline and follow-up was statistically significant (p00.02). The ASIA sensory score improved in seven patients, including three PPMS and four RRMS. All the patients with active lesions (except for one PPMS patient) globally improved at 3 months whereas only two patients with chronic lesions did.
Longitudinal analysis of the diffusion indices change over time All patients (except for one patient with a cervical cord lesion, Fig. 1 ) had lower FA and mean ADC values than normal subjects (p<0.0001), either in inflammatory lesions or in normal-appearing spinal cord (Table 2 ). In normalappearing spinal cord, patients who improved at 3 months presented a significant reduction in mean ADC (−12.6 %; p00.002), in AD (−5.8 %; p00.02) and in RD (−17 %; p0 Clinical scores, data at baseline/data at follow-up L left, A acute, C chronic, ASIA S ASIA sensitive score, PP post posterior, LL lower limb, UL upper limb 0.02) and a significant increase in FA values (+7.4 %; p0 0.02). These patients also presented a significant reduction in the RD (−11 %; p00.05) in lesions during the follow-up period. The pattern of variation of other DTI indices in inflammatory lesions was similar to that observed in normal-appearing spinal cord, but this variation was not statistically significant. No significant variations in either ADC, FA, AD or RD values over time were observed in patients who failed to improve (Table 3) . In patients with active lesions, we observed a significant decrease in mean ADC (−5 %; p00.05) and RD (−10 %; p00.05) in lesions over time and a significant decrease in mean ADC (−7.4 %; p00.05) and AD in normal-appearing spinal cord (−4 %; p00.05). There was no significant change of diffusion indices in chronic lesions (Table 4 ).
Baseline predictors of recovery
Global improvement
Patients with active lesions who improved at 3 months had a significantly higher FA in inflammatory lesions at baseline compared to those who failed to improve (0.57 SD 0.11/ 0.39 SD 0.12, p00.04). Patients with chronic lesions who improved at 3 months showed a significantly higher mean ADC (9.48×10 
Improvement of ASIA sensory score
Patients with an improvement of the ASIA sensory score at 3 months (whole population and patients with active lesions) showed a significantly higher FA (p00.009/p0 0.03) and lower RD (p00.01/p00.04) in inflammatory lesion at baseline compared to patients who failed to improve (Table 5) .
Discussion
Baseline ADC and FA values
We learnt from animal studies that directional diffusivities can provide more information on pathological processes than conventional diffusion indices [19] [20] [21] [22] [23] [24] and that they are sensitive to pathological changes in the spinal cord at the site of focal lesions and in locations distal to these lesions [11, 25] . In our study, all patients (except for one lesion in one patient) presented abnormally low values of FA in either inflammatory lesions or normal-appearing spinal cord (from 0.51 to 0.56, normal 0.73). One hypothesis to explain FA abnormalities in normal-appearing spinal cord around lesions would be that conventional MRI underestimates the size of demyelinating lesions, whereas DTI provides a better estimation of lesion volume, which may be more extensive than that observed on T2-weighted imaging. In a previous study of subjects with myelitis (due to multiple sclerosis, sarcoidosis or transverse myelitis) [11] , we reported similar decreased FA values in abnormal T2-weighted spinal cord areas and, in some patients, in T2-weighted normalappearing spinal cord. However, in the present study, FA values were always markedly decreased in normal-appearing spinal cord, while in the study reported by Renoux, most normal T2-weighted areas had normal or even increased FA values. However, the populations in these two studies were very different, as the study by Renoux included patients with myelitis due to various aetiologies, regardless of the time since onset of symptoms and with no longitudinal analysis. Moreover, in the present study, in contrast with this previous study, normal-appearing spinal cord ROIs were placed as close as possible to T2 lesions in order to detect DTI abnormalities that could be correlated with acute pathophysiological changes following a recent inflammatory lesion and after high-dose steroid therapy. We had no normal values for RD and AD in our department. We did not compare our patients' RD and AD values with normal values previously reported [13] because the acquisition plan, ROI positioning and image analysis were too much different to allow a reliable statistical analysis.
Variations of DTI parameters over time
In this study, RD in lesions and all the DTI indices in normalappearing spinal cord close to the lesion varied over time, depending on the clinical outcome. From a pathophysiological point of view, the extracellular space between surviving fibres usually harbours cell debris, inflammatory infiltrates, fibrillary gliosis and astrocytic proliferation [26] . It has recently been demonstrated that, following removal of all myelin from axons, and while the tissue remains packed with lipid-filled macrophages, activated inflammatory cells accumulate in large numbers in tissue bordering the lesions, together with increasing numbers of differentiated oligodendrocytes [27] . These pathological changes have the potential to alter the diffusivity properties of the cord. Increased numbers of astrocytes and differentiated oligodendrocytes in normal-appearing spinal cord (and in demyelinating lesions), leading to remyelination and then clinical recovery, may reduce water diffusivity, as shown in our study by a decreasing mean ADC, whereas early remyelination allows reconstitution of fibre anisotropy, as revealed by increasing FA values and decreasing RD values. FA, AD and ADC values in lesions also varied over time, with a similar pattern to that observed in normalappearing spinal cord, but this variation was not statistically significant. It can be hypothesised that the architectural disorganisation in lesions was too severe to allow a statistically significant variation of these parameters over a short followup (3 months in this study). Because our study included patients with active and chronic inflammatory spinal cord lesions, in which the mechanisms leading to the accumulation of disability may differ, we separately studied active and chronic lesions in order to detect differences in DTI parameters variations. Whereas we could not detect any significant variations of DTI parameters over time in chronic lesions, there was a significant decrease of mean ADC and RD in active lesions, as it has been previously reported by Freund [13] .
Predictors of recovery
This study showed that a less markedly decreased baseline FA in inflammatory lesions (especially in active lesions) and in normal-appearing spinal cord was associated with a better This hypothesis of early remyelination is supported by our results in active lesions in which a lower RD was a predictor of better outcome, as it has been previously reported [13] .
Indeed, animal studies have demonstrated that RD reflects myelin integrity in a mouse brain [29] . In contrast, in poor prognosis lesions, remyelination may be insufficient due to a limited number of oligodendrocytes. ADC is then less markedly decreased because water molecules are able to move within a larger space (corresponding to extracellular oedema). Interestingly, in chronic lesions, predictors of recovery were a higher ADC and a lower AD in normalappearing spinal cord. Nevertheless, some animal and MS patient's studies [20, 30] proposed low AD as a marker of acute axonal injury. Conversely, another study within acute enhancing brain lesions found no relationship between low AD and risk for chronic T1 hypointensity (a surrogate for axonal loss) [31] . These discrepancies in the interpretation of variations of DTI parameters may illustrate the difficulty for in vivo imaging analysis to reflect complex histopathologic processes implied in MS tissue changes. Predictors of recovery were preferentially identified for improvement of the ASIA sensory score. In patients with MS spinal cord relapse, the ASIA sensory score is probably the most accurate functional score to quantify disability due to spinal cord involvement, as EDSS is a global functional score that mainly evaluates cerebral dysfunction (cerebellar functional system (FS), visual FS, brain stem FS and mental FS), whereas the ASIA score is a spinal cord-specific score. Moreover, multiple sclerosis spinal cord relapses are usually predominantly sensory [32] and are accurately evaluated by the ASIA sensory subscore.
Technical considerations
Previous studies in multiple sclerosis myelitis [9, 10, 13, 33] have only concerned the cervical spine. This is the first study to precisely differentiate lesions from normalappearing spinal cord on diffusion maps, regardless of the site of the lesion. When defining ROIs, particular attention was paid to avoiding partial volume effects due to CSF around the spinal cord, which, when included in ROI, would have decreased FA values. A specialised segmentation algorithm that can automatically distinguish spinal cord from CSF would have allowed more rapid measurements and would have reduced the problem of partial volume effect of the ROI method but unfortunately such software is not available. To avoid CSF partial volume effects, ROIs were drawn over both grey and white matter inside the cord and the values reported here were therefore grey and white matter averaged FA (and eigenvalues) and ADC values. As indicated above, spinal white matter fibres are very anisotropic, in contrast with grey matter which is more isotropic. Variations of FA values in our patients may therefore be predominantly due to changes in spinal white matter rather than grey matter.
Conclusion
DTI MRI, especially FA and RD values, is more sensitive to pathophysiological changes in spinal cord multiple sclerosis lesions than conventional MRI. Interestingly, baseline FA and RD values inside the inflammatory lesion, before Mean ADC and FA values in lesions at baseline in the patients who improved on ASIA sensory score ADC apparent diffusion coefficient, FA fractional anisotropy, AD axial diffusivity, RD radial diffusivity, n number of lesions, P number of patients. Significant results are in italics steroid therapy, can predict functional outcome. These data need to be confirmed in a larger patient cohort.
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